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Super-hydrophobic and super-wetting surfaces: Analical potential?

G. McHale, N. J. Shirtcliffe and M. |. Newton

School of Science, The Nottingham Trent Univer€ilijton Lane, Nottingham NG11 8NS, UK; Tel: 44 115
8483383; E-mail: glen.mchale@ntu.ac.uk

This article appeared in t#nalyst (http://www.rsc.org/Publishing/Journals/AN/article sp?doi=b400567h
Copyright ©2004 Royal Society of Chemistry

Roughening or texturing surfaces provides supeiidigepellent or film forming properties withoutedation of the surface chemistry.
These surfaces are easy to produce, can amplityngetroperties and can be either “sticky” or “ghp to liquids. Their use as water-
repellent coatings is established, but their p@éfor use in microfluidics and sensor applicaiaemains largely unfulfilled. This

article explains several key ideas and suggeststivdrg may be potential for analytical applications

Introduction

Many scientific applications involve liquids and migulation of
liquids on or across surfaces. One obvious teclyicdd
example is microfluidics, but others include liquid
chromatography and any liquid phase sensor invglvin
attachment or immobilization of biological molecsilevhich
alters hydrophobicity or hydrophilicity. The voluréliquid can
be high or low with much interest in low volumes fin-chip
assays. As the size of a liquid scales down theimm force
becomes the liquid-vapor surface tensigg,* When the liquid
is on a surface the balance between the surfas@oteand the
solid-vapor and solid-liquid interfacial tensionstekrmines both
the equilibrium shape of the liquid surface anddriging force

in moving the liquid:? What determines these interfacial
tensions at a microscopic level is solely the clsényiof the
surface, but what determines how these forces @mt a liquid

is the topography of the surfat®. An example of the
importance of topography is shown by Fig. la-c ma (~ 2
mm diameter) droplets of water on various coppéiases. On a
flat copper surface the contact angle (the angigeatial to the
liquid surface measured from the solid throughlitpaid) is less
than 96, a hydrophobic coating raises this into the rahgs-
12@, but texturing the surface and then treating thwihe same
hydrophobic coating increases it to around °16the specific
surface used in fig. 1c was created using elecpragigon to
produce a combination of slight roughness and acolate chip
cookie” texturing with lateral sizes in the &fh range (Fig. 1d).

Fig. 1 Water droplets on electrodeposited copper susfdeg flat, (b)
flat and hydrophobised, (c) textured and hydropsedbi (d) Electron
microscope image of an electrodeposited texturggp@osurface.

Super-hydrophobicity is defined as water contacflesgreater
than 156, but then comes in two distinct flavours with dppe
providing a “sticky” surface on which liquid dropse difficult

to move and the other a “slippy” surface where ehisr little
resistance to drop motidnSince topography induced effects on
contact angles are not limited to water we carr tefsuper-non-
wetting when considering other liquids. On “slippguper-
hydrophobic surfaces water drops rolling off thefate also
collect dust and so the surfaces are self-cleahingor some
liquids the effect of surface roughness or textsreot to create
a rolled-up droplet, but is the opposite effectsaper-wetting
whereby a droplet is converted into a film. Supgd+ophobic
surfaces can be created using roughness or tegtutength
scales from the sub-micron to the tens of microm
techniques as diverse as vacuum deposition of RAIREIIMs™,
plasma polymerizatidn, tailoring sol-gel porous materiafs?
crystallizing wax**> electrochemical etching or deposition, and
lithography®.

Topography Enhanced Wetting

The principles of super-hydrophobicity were outtindecades
ago by Wenzéland by Cassie and Baxfet Wenzel noted that
if a surface was rough and the contacting liquitlofeed the
contours of the surface then the effect of rougbrsemuld be to
emphasise the intrinsic wetting tendency of eiffier formation
or of roll-up of the liquid. The observed contangke on such a
surface is given by Wenzel's equation,

cosgy’ =r cosg,

where the roughness1 is the ratio of the true surface area of
the solid to its horizontal projection arg is the equilibrium
contact angle on a smooth flat surface of the saxaerial. The
chemistry lies withing. whilst controlling the effect of the
chemistry on a liquid lies within

An analogy to Wenzel's equation is an electronicpkfier
whereby both a gain (analogue electronics) anghtissibility of
saturation into one of two states (digital elecitepare possible.
Wenzel's equation predicts that the change in efesecontact
angle on a rough surfadg." due to a changBg, induced by
surface chemistry is given by,

Singe
sin q\eN
Thus, the effect of a change in a contact angletduse surface
chemistry change is amplified by the rough surfiate a larger
change in the observed contact angle. For surfaemistry
giving preciselyg=9C° the amplification factor is equal to the

Dgd’ =r Dge
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roughness factar and this is also approximately true for a wide
range of contact angles around.9Bor large enough roughness,
Wenzel's equation predicts saturation to eithdina fg."=0°) or

a complete roll-up of the liquidg("=18C) should occur. The
boundaries between the amplification and the sttura
behaviours is given by cgs=t1/r. From this perspective there is
analytical potential for either transducing smélaoges in liquid
properties by amplification of small effects on tlserface
tension or for producing simple yes/no thresholtigators using
the saturation into either a film or a rolled-upplet.

Due to capillary forces liquids can find it diffitto penetrate
into the roughness or texture of a surfadnergetically it can
be favourable for a liquid to break Wenzel's asstiompthat the
surface contours are followed and instead to bridg®ss the
tops of surface protrusions so that the droples sibon a
composite surface of the solid tops and the airsgdfhe
observed contact angle is then given by a weighiestage of
the cosines of the contact angles on the two tyfesurface
(solid and air) using the Cassie-Baxter equation as

Cosgs =/ 5C0SGe - (L-/ )
wherej <1 is the fraction of the surface of the tops & $olids
and (17 ¢ is the fraction that corresponds to the air gaps;
liguid-air contact angle is 18&nd the cosine of this gives the
overall minus sign in the second term of the egmatUnlike the
Wenzel form of topographic enhancement of hydroptih a
complete roll-up of a droplet cannot be achievethwurfaces
whose chemistry provides <18C. In the Cassie-Baxter form of
super-hydrophobicity, a remnant of the surface dbsen
determined contact angle,, is always present in the observed
contact angle. Cassie-Baxter's equation impliest thentact
angle enhancement towards super-hydrophobic carelaged by
surface roughness or texture, but the conditiggl means
amplification of small changes in contact andbe., does not
occur.

Wenzel and Cassie-Baxter provide two alternatiweevei of how
a rough or textured surface may influence the wgttiehaviour
of a surface. The trend observed in experimentssoper-
hydrophobicity is that as texturing or roughnessnisreased
Wenzel enhancement occurs first, followed by asitaon to the
Cassie-Baxter form of super-hydrophobicity with t@m angles
of 15(-17C. To illustrate this consider the inset in fig. Bieh
shows a textured surface consisting of i diameter SU-8
photoresist pillars arranged in a square lattidh willars spaced
every 30mm. When the pillars are sufficiently high the effe€
the texture is to change some liquids from pantekting to
complete wetting (film formation), consistent witWenzel's
equation, whereas for others the effect is to emeethe contact
angle in a Cassie-Baxter style (Fig. 2). This Ga8sixter form
can be promoted as a metastable state by sharp edgrirface
protrusions. Such metastable states can be codvéotehe
Wenzel state with lower angles by applying pressiarethe
liquid.® Knowing which surface has been achieved is
straightforward exercise of tilting the surface awatching
whether a droplet of water rolls-off. If the droglls at low tilt
angles the surface is behaving in the “slippy” GaSaxter
form, but if a high tilt angle is required the @€ is behaving in
the “sticky” Wenzel form. Indeed, if a syringe ised to deposit
droplets, a “slippy” surface will be self-evidenbin the inability
to detach a droplet from the needle using lighttacinwith the
surface.

Liquid Motion

A contact angle provides a force per unit lengticarfitact line
and so can determine liquid motibfln the capillary rise of a
thread of liquid in a tube the height gainélj,is determined by
the equilibrium contact angle. The capillary driyifiorce is

180
160 |

e

o ® O N b

S & & © ©
—T

Angle on Pattern,
D
o

Diidomethane

¢ PEG 200

9' Formamide

Octane

N
o
T

100 150
Angle on Flat Surface, g.°

¢. Ethylene Glycol

L 2

0 o
0

al
o

200

Fig. 2 Contact angles for a range of liquids on a tedu8U-8 surface.
The inset shows scanning electron microscope imafjiee
lithographically structured surfaces showing a seuettice of 15mm
diameter cylindrical pillars with a 3®m lattice parameter (view of a
field of pillars and a close-up view of the pillars

proportional tog\cosg. and the length of the three phase solid-
liquid-vapor contact line, (&a, wherea is the radius of the tube.
The gravitational force on the thread is propowiaio the mass
of the thread which is proportional to the volunfettee thread
pa’H. Assuming a smooth surface, the height gained is
H=(2k¥a)cosg. wherek'=(g\/rg)*? is the capillary lengtty; is

the density of the liquid ang=9.81 m# is the acceleration due
to gravity. A Wenzel form of a surface predictsaamplification,

r, of the height of capillary rise equal to the rbngss factor of
the surface. The Cassie-Baxter form predicts eitheeduced
rise or even a depression of the thread of liquid.

The contact angle is also fundamental in deterrgitine ease of
generating drop motion. When pushing liquid intdrap resting
on a surface the maximum contact angle achievedrdehe
drop edge advances,, is larger than the minimum contact angle
achieved before the drop edge recedgswhen withdrawing
liquid from the drop. Because of contact angle éngstis, a drop
of rain on a window pane will cling without movinmtil its
volume achieves a critical size. For the drop of cdinging to a
window pane there is a higher contact angleat the lower side
compared to the upper sidg, The net surface tension forces on
the drop balancing its weight are proportionaditgcosg-cosg,)
and contact angle hysteresis prevents any motiothefdrop
until it reaches a critical size; the drop thensruiown the
window pané. A super-hydrophobic surface of the Cassie-
Baxter type has low hysteresis and so drops camded on
these surfaces by use of low tilt angles or lowidg forces.
Interestingly, as a drop rolls it collects dust atebris and so
cleans the surface.

aAnother consideration is the effect of topography the

spreading of out of equilibrium droplets and liguidDuring
spreading the forces at the contact line are nbalance and the
unresolved horizontal forcg(cosgcosg) drives the spreading.
Wenzel type roughness or surface texture causeodified
force g (cosgrrcosg,) and the effect is to increase the speed with
which a wetting liquid forms a film’*8

Existing and Developing Applications

Most of the existing research on super-hydrophshidaces is
materials oriented with a focus on combining supater-
repellent properties with good optical transpareacy wear
resistancé® Exterior applications include coatings for radar
domes, satellite dishes and glass. These coatingswater
repellent, prevent adhesion of snow and providéciehning
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under the action of rain; the mimicking of the sd#aning
action of the Lotus leaf is the so-called LotuseEft. Sol-gel
based super-hydrophobic protective coatings ael#ig used
to seal moisture sensitive electronic and optosdaat
components. A super-hydrophobic coated tip has &lsen
suggested to enable accurate dispensing of dropletow
surface tension organic solveRisThe difficulties with super-
hydrophobic coatings are poor abrasion, chemical &tV
resistance, clogging by dust and oil and opticalitl.

There are few research publications on analytipplieations of
super-wetting and super-hydrophobicity, althougbrghare a
number of industrial interests. One theme is basedhe idea
that any mechanism that can act to change a comtat® at the
three phase (solid-liquid-vapor) contact line orighhcan create
a difference in contact angles between two sidesdroplet is a
means to actuate motion of the liquid. A drivingc® can be
generated at the edge of the liquid through elstdti@ induced
changes in the contact angfe.Systems for both droplet
actuatioR® and for motion of a liquid in microcapillariéshave
been demonstrated. The basic principle in each =agleat a
driving force proportional to the change in goscan be
generated. A comprehensive microfluidics systenetham this
electrostatic principle and which includes droptetnsport,
separation and mixing is now commercially available
(Nanolytics). A modification of this system using saper-
hydrophobic surface for easier droplet actuatiors hmeen
reportec?® Problems with this method include the electrostati
pressure causing droplets to convert to the Wésieky” form
of super-hydrophobicity and so preventing motiomd a
attachment of biological moieties to the surfacstmbging the
tailor made hydrophobic properties. Other applaradi include
an intravenous  super-hydrophobic filter to remove
microorganisms and particles from emulsions andcesu@ter-
repellent membranes for the separation of pureidgdrom
mixtures based on surface tension differei&é%Currently Bell
laboratories are working on a tunable super-hydsbghsilicon
nanograss with potential applications in microdias, chemical
microreactors and bio-chemical detection, but festails are
available. In the super-hydrophilic case, the majgplication
under consideration appears to be anti-foggindgtéons such as
mirrors.

Potential Analytical Applications

The low-tilt and low force required to move a detpbn a
“slippy” surface of the Cassie-Baxter type has bisenbasis for
a patent on a toy and the idea has been extendexysowith
tracks based on super-hydrophobic surfatem a similar
manner, creating tracks on surfaces for microfasdi
applications by varying the roughness of textum@ssa surface
may be feasible. If a widely spaced super-hydrophshrface
texture is surrounded by a more narrowly spacedersup
hydrophobic surface texture a drop will tend td nalo the area
with the more widely spaced texture. The variatiortexture
will lead to a patterning of the effective surfdoee energy and
hence can be used to define regions and pathemutface.

In biological applications, one difficulty with sgiéically
tailored surfaces is that attachment or immobil@at of
biological moieties on the surface immediately demn the
chemical or topographic properties of the surfacel anay
remove the super-hydrophobic properties. However,isi
conceivable that this problematic feature could bsed
constructively in a new type of sensor for studyintgractions
such as antigen-antibody, nucleic acid hybridizatiand
molecular receptor-ligand reactiofis=or example, a shear wave
acoustic wave sensor (quartz crystal microbalancesuoface
acoustic wave device) has a resonant frequencyhwttianges
when mass deposition or attachment to the surfemm fthe

liquid occurs®®*° The surface of the sensor could be made super-
hydrophobic in the “slippy” form so that incompletiguid
penetration occurs. Any deposition or binding everttich
reduced the hydrophobicity and so removed the super
hydrophobicity, would cause the liquid to enter tharface
texture. This would generate a transducer responsgh larger
than that due to the mass of the binding molediNen without
binding or mass deposition, a hydrophobic coatiogld be
selected to allow changes in the surface tensiahefiquid to
result in a loss of the hydrophobic (non-wettingpperties of
the surface towards the liquid. Another possibleaarfor
consideration is the use of super-wetting to digtish between
liquids which are partially wetting. If the liquidse placed on a
series of surfaces with increasing texture or roeghk a critical
length scale could be identified which convertsnthinto
complete wetting liquids. A variation on this theneeuld
involve measuring the enhancement of capillary caesed by
roughness or surface texture.

Conclusion

Understanding how surface topography or textureldoes with
surface chemistry to determine the wetting of stggaby liquids
is important in any application involving small uates of
liquids where capillary effects are dominant. Theosin
spectacular example of this combination is thetmyeaf super-
hydrophobic surfaces from hydrophobic surfaces, b
principles are not restricted to water and are guagplicable
to problems involving film formation and movemeritliguids
on surfaces. The major focus of research and agtjglits
development has been in the most obvious uses pérsu
hydrophobicity as  water-repellent,  self-cleaning dan
resistance/friction reducing coatings. Howeveis jirobable that
a wider range of analytical applications will exisised on the
super-non-wetting and the super-wetting properties
topographically structured surfaces.
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